ABSTRACT The numbers of greenbugs, Schizaphis graminum (Rondani), and bird cherry-oat aphids, Rhopalosiphum padi L., per wheat tiller (stem) were estimated in 189 production winter wheat (Triticum aestivum L.) Þelds located throughout Oklahoma. TaylorÕs power law regressions were calculated from these data and used to construct Þxed precision sequential sampling schemes for each species. An evaluation data set was constructed from 240 samples taken during three growing seasons from winter wheat Þelds at four locations in Oklahoma. Wheat cultivar and growth stage were recorded for each Þeld on the day of sampling. TaylorÕs power law parameters for evaluation Þelds differed signiÞcantly for both species among growing seasons, locations, and plant growth stages. Median precision achieved using the Þxed precision sequential sampling schemes for each species departed Ͻ20% from expected precision over the range population intensity in the evaluation data. For the 10% of samples with greatest deviation between observed and expected precision, observed precision was 13.8 Ð 81.8% greater than that expected precision depending on aphid species and population intensity. For the greenbug, the distribution of the percentage deviation between observed and expected precision was positively skewed, so that the sampling scheme tended to over-predict precision. For the bird cherry-oat aphid, the distribution was more symmetric. Even though precision observed using the sampling schemes frequently varied from expected precision, because of the inevitable consequence of sampling error and environmental variation, the sampling schemes yielded median observed precision levels close to expected precision levels over a broad range of population intensity.
APPROXIMATELY 2.2 MILLION ha of winter wheat, Triticum aestivum L., are planted in Oklahoma annually. The greenbug, Schizaphis graminum (Rondani), and bird cherry-oat aphid, Rhopalosiphum padi L., commonly infest winter wheat in Oklahoma, and damage caused by either species can reduce yields (Royer et al. 1998) . The greenbug causes severe damage to winter wheat in Oklahoma, with estimates of economic losses Ͼ$100 million in some years (Webster 1995) . Although yield loss to the bird cherry-oat aphid has not been studied in winter wheat in Oklahoma, studies on spring wheat in the northern plains and winter wheat in the northwest United States have demonstrated that the bird cherry-oat aphid can signiÞcantly affect root growth and reduce grain yield (Pike and Schaffner 1985 , Kieckhefer and Kantack 1988 , Riedell and Kieckhefer 1995 , Riedell et al. 1999 ).
Sequential sampling schemes for estimating the population intensity of greenbugs and bird cherry-oat aphids in wheat Þelds with Þxed statistical precision would be valuable for ecological and pest management research in winter wheat because they would facilitate efÞcient use of time spent estimating population intensity. Fixed precision sequential sampling schemes could also be used for decision making relative to treatment thresholds in operational integrated pest management (IPM) programs, but that is not the intended use of the Þxed precision sequential sampling schemes developed in this study. Sequential sampling schemes based on binomial counts are more practical than Þxed precision schemes for use in operational IPM programs, and have been developed for the greenbug and bird cherry-oat aphid in Oklahoma winter wheat (Giles et al. 2000a (Giles et al. , 2000b .
Fixed precision sequential sampling schemes are based on mathematical models, such as TaylorÕs power law (Taylor 1961) , which in our circumstance expresses the sample variance as a function of the mean number of aphids per stem. Sampling schemes are constructed using TaylorÕs power law so that, theoretically, the ratio of the standard error of the mean (SE) to the estimated mean (x ) remains constant. Considerable time can be saved when sequential sampling schemes are used to estimate insect density (Hutchison 1994) . Green (1970) derived an equation for constructing Þxed-precision sequential sampling plans based on the variance-mean relationship described by Taylor (1961) . TaylorÕs Power Law characterizes the relationship between the estimated variance, s 2 , and mean, x , of an insect species (or other organism) sampled from a particular habitat by the equation, s 2 ϭ ax b , where the parameters a and b are constants. The parameter a of TaylorÕs power law is assumed to be a sampling factor depending on the size of the sampling unit and perhaps characteristics of the habitat from which the sample is taken (Taylor 1961) . The parameter b is considered to be a constant for a species in a particular habitat (Taylor 1984) , although it is now clear that b can vary for Þelds at different geographic locations or for the same Þeld at different times (Trumble et al. 1989 , Sawyer 1989 .
A convenient sample unit for greenbugs and bird cherry-oat aphids in wheat is an individual stem (tiller). Fixed precision sequential sampling schemes for the greenbug, bird cherry-oat aphid, and other cereal aphids based on counting the number of aphids per tiller were developed for spring wheat in North Dakota and Idaho (Boeve and Weiss 1998, Feng and Nowierski 1992) . Previous studies of cereal aphids in small grains have shown that the parameters of TaylorÕs power law can vary among small grain crops in the same geographic area (Elliott and Kieckhefer 1987) , and among geographic areas for the same crop (Boeve and Weiss 1998) . Thus, it is necessary to develop and test Þxed precision sequential sampling schemes based on TaylorÕs power law in the geographic region and crop in which they will be used.
For Þxed precision sequential sampling schemes for the greenbug and bird cherry-oat aphid in Oklahoma, it is important to know whether estimates of a and b obtained from a series of samples from wheat Þelds are invariant with respect to variation in the environment, or, if that is not the case, that the estimates of parameters are unbiased for the range of environmental circumstances that occur. If not, sampling schemes will need to be developed for various environmental circumstances. Some obvious factors affecting the environment of aphids in a wheat Þeld are geographic location, cultivar, growth stage, and growing season. If Þxed precision sampling plans for the greenbug and bird cherry-oat aphid, developed using GreenÕs method, are robust with respect to environmental variation, sampling schemes will be widely applicable throughout the state. If they are not, sampling plans may need to be modiÞed for application to particular environmental circumstances.
The purpose of this study was to construct and evaluate a Þxed precision sampling schemes for the greenbug and bird cherry-oat aphid in Oklahoma winter wheat. To do this, we sampled numerous production winter wheat Þelds throughout Oklahoma, estimated parameters of TaylorÕs power law, and constructed sequential sampling schemes using GreenÕs method. Then we obtained samples from additional Þelds planted at widely separated geographic locations in Oklahoma to known winter wheat cultivars. These Þelds were sampled repeatedly at various stages of plant growth, and the consistency of power law parameters with respect to geographic location, cultivar, and plant growth stage was tested. Finally, we compared the precision of observed estimates of the mean number of aphids per tiller for these wheat Þelds with that expected from the sequential sampling schemes. This provided insight into whether the sampling schemes yield acceptably precise estimates of aphid population intensity for winter wheat Þelds in Oklahoma.
Materials and Methods

Constructing Fixed Precision Sampling Schemes.
From September 1997 through December 1999, the number of greenbugs and bird cherry-oat aphids per tiller was estimated in 189 production Þelds of hard red winter wheat located throughout the major wheat growing regions of Oklahoma, including the Panhandle. Fields were sampled without knowledge of the wheat cultivar growing in the Þeld; neither the growth stage of wheat plants in the Þeld nor the geographic location of the Þeld was recorded. One hundred tillers were sampled per Þeld. Tillers were collected by traveling a U-shaped transect and removing an individual tiller at ground level approximately every 10 m. The number of greenbugs and bird cherry-oat aphids on each tiller was recorded. The data acquired were then used to develop Þxed precision sequential sampling plans for the greenbug and bird cherry-oat aphid using GreenÕs (1970) method. By GreenÕs method, minimum sample sizes needed to achieve a Þxed level of precision (D exp ), deÞned as SE/x were calculated from GreenÕs (1970) formula:
where n is the number of tillers required to estimate the mean number of aphids per tiller with an average precision level equal to D exp , and a and b are the coefÞcients of TaylorÕs power law. A sequential sampling plan was developed by substituting a and b into the equation:
where T n is the cumulative number of aphids in a sample of n tillers and deÞnes the sequential sampling stop line (Green 1970 
The sequential sampling schemes constructed from equation 2 required very large numbers of samples to achieve precision levels of D exp ϭ 0.25 or less when aphid population intensity was Ͻ0.25 per tiller. Therefore, we constructed a truncated sampling scheme, where equation 2 was used to construct sequential sampling stop lines, but sampling was terminated at a maximum of 100 tillers if stop lines were not intersected.
Evaluating the Sequential Sampling Schemes. Independent sampling data were collected from wheat Þelds in four major wheat growing regions of Oklahoma: near Tipton in the southwest, Chickasha in the south central, Perkins in the north central, and Goodwell in far western Panhandle region of the state. These Þelds were planted to winter wheat during the autumn of 1998, 1999, and 2000. Each Þeld was Ϸ2 ha in size and was sampled every 7Ð14 d throughout the growing season, unless extended periods of snow or rain dictated longer intervals between samples. Sampling began in Þelds with the initiation of tillering [Feekes stage 2 (Royer and Krenzer 2001)] and was terminated when plants entered the grain ripening stage (Feekes stage 11). Three winter wheat cultivars were sampled, ÔTAM 107Õ, ÔTAM 110Õ, and Ô2137Õ. Cultivars were planted at the four sites in each of three years according to the schedule listed in Table 1 . Management in all Þelds was typical of that used for wheat production in Oklahoma, except that no insecticides were applied. From 80 to 200 tillers were inspected in each Þeld on each sampling occasion using the procedure described previously. Fields were sampled a variable number of times, ranging from 8 to 21, during a particular growing season. In total, Þve Þelds were sampled repeatedly during the 1998 Ð1999 growing season, six Þelds were sampled during the 1999 Ð 2000 growing season, and Þve Þelds were sampled during the 2000 Ð2001 season.
Environmental Effects on Taylor's Power Law. The mean number of greenbugs and bird cherry-oat aphids per tiller and its variance were calculated for each sample from a Þeld. To assess whether TaylorÕs power law parameters were independent of environment, the resulting data were grouped by growing season, geographical location, and plant growth stage. Three levels were recognized for wheat plant growth stage: tillering, stem elongation, and heading through grain Þlling. These levels corresponded with major changes in wheat plant growth form and physiology (Royer and Krenzer 2001) , and therefore may have inßu-enced aphid Þtness, which in turn might have affected the spatial distribution of aphids among plants. Categories for growing seasons and locations were as outlined above. With respect to geographic location we tested for differences among locations where the same cultivar(s) were grown to control for the possible effect that different cultivars might have on power law parameters. Heterogeneity of slopes regression models (Neter and Wasserman 1974) were constructed using PROC REG (SAS Institute 1990) to test whether the parameters ln(a) or b of equation 3 differed among levels of the various categories described above.
Variation Between Observed and Expected Precision. To assess whether the Þxed precision sequential sampling plan was acceptable across a range of environmental conditions, we compared the precision that was achieved when sampling winter wheat Þelds as described above, with the expected precision from the sequential sampling plan. The comparison was made by solving equation 1 for D exp to produce the equation:
D exp was compared with the observed precision (D obs ϭ SE/x ) for the sample by subtraction. The quantity was then normalized by dividing by D exp , and converted to a percentage by multiplying by 100:
For the purpose of summarizing the results, evaluation samples were divided into Þve categories based on the average number of aphids per tiller. The categories were Ͻ0.1, 0.1Ð 0.25, 0.25Ð1.0, 1.0 Ð5.0, and Ͼ5.0 aphids per tiller. The median and quantiles of the distribution of D diff were calculated for each category using PROC UNIVARIATE (SAS Institute 1990). Simulating Sequential Sampling. The performance of the sequential sampling schemes for D exp ϭ 0.25 were further evaluated by simulating sequential sampling one time from each evaluation sample. For the purpose of summarizing simulation results, evaluation samples were divided into Þve categories based on the average number of aphids per tiller as described above. We simulated sequential sampling for each evaluation sample by recording the cumulative number of aphids obtained on each tiller in the order the tillers were sampled in the Þeld until the sequential sampling stop line was crossed or the number of aphids on all the tillers had been recorded. We also simulated sequential sampling using the truncated sequential sampling schemes for D exp ϭ 0.25. In this case, the cumulative number of aphids was recorded from tillers in the same order as the tillers were sampled in the Þeld until the sequential sampling stop line was crossed or 100 tillers had been recorded. The average sample size and average precision achieved were recorded for each category of the average number of aphids per tiller. 
Results and Discussion
Constructing Fixed Precision Sampling Schemes. A total of 189 production Þelds were sampled during 1997, 1998, and 1999 . Of that total, greenbugs were found in 159 Þelds, whereas bird cherry-oat aphids were found in 134 Þelds. The mean number of greenbugs per tiller ranged from 0.01 to 23.37 with a mean of 1.49 (SE ϭ 0.30), whereas the mean number of bird cherry-oat aphids per tiller ranged from 0.01 to 26.85 with a mean of 1.45 (SE ϭ 0.29).
Intercepts and slopes of TaylorÕs power law regressions calculated for samples from production Þelds differed slightly among species (Table 2; Fig. 1 ). The heterogeneity of slopes regression model indicated that neither the slope nor the intercept of Power Law regressions differed signiÞcantly for the two aphid species (F ϭ 1.38; df ϭ 2, 254; 0.5ϽP Ͻ 0.9). In spite of this observation, Þxed precision sequential sampling plans were constructed individually for each species using estimates of power law parameters from Table 2 . The decision to construct models for each species was based on the observation that power law regression models for the validation data differed among the two aphid species (see next section.).
Sample size curves indicate that estimating greenbug or bird cherry-oat aphid population intensity in winter wheat in Oklahoma can be accomplished with relatively little sampling effort when population intensity is Ͼ2 aphids per tiller (Fig. 2) . For example, only 53 and 45 tillers need to be inspected for the greenbug and bird cherry-oat aphid, on average, to achieve D exp ϭ 0.25 when x ϭ 2.5 aphids per tiller. However, sample sizes increase dramatically for both species when population intensity is below Ϸ1.0 aphid per tiller. For example, 126 and 109 tillers are required to achieve D exp ϭ 0.25 for the greenbug and bird cherry-oat aphid, respectively, when x ϭ 0.6 aphids per tiller. Greater precision (e.g., D exp ϭ 0.10) becomes impractical for both species as population intensity decreases below Ϸ5.0 aphids per tiller.
Constant precision sequential sampling stop lines were calculated using equation 2 (Fig. 3) . Tables for required sample sizes to achieve any desired level of D exp can be obtained by substituting the estimates of a and b from Table 2 into equation 2 and calculating T n for various values of x . Assuming that these stop lines yield the average speciÞed level of D exp , they will provide a sampling method for practitioners to obtain time-efÞcient estimates of population intensity. However, previous studies have shown that precision achieved in practice can differ substantially from that speciÞed by the sampling scheme (Badenhausser 1996 , Hutchison et al. 1988 . In the following sections we examine how well the sequential sampling schemes for the greenbug and bird cherry-oat aphid worked for achieving speciÞed levels of D exp for sampling data obtained independently from that used to construct the schemes.
Evaluating the Sequential Sampling Schemes. A total of 240 samples were taken from wheat Þelds at four locations in Oklahoma during the 1998 Ð1999, 1999 Ð2000, and 2000 Ð2001 growing seasons. However, several samples did not contain greenbugs or bird cherry-oat aphids; as a result, the number of samples used in analyses was 196 for the greenbug and 178 for the bird cherry-oat aphid. The mean number of greenbugs per tiller for samples from the 196 samples that contained greenbugs was 1.72 (SE ϭ 0.30) and ranged from 0.005 to 19.44. The mean number of bird cherryoat aphids per tiller for the 178 samples with bird cherry-oat aphids was 0.97 (SE ϭ 0.19) and ranged from 0.005 to 23.80.
Environmental Effects on Taylor's Power Law. Contrary to data from the production Þelds, for which TaylorÕs power law parameters did not differ signiÞ-cantly for greenbugs and bird cherry-oat aphids, a heterogeneity of slopes regression model Þtted to the validation data indicated that ln(a) was greater for the greenbug (ln(a) ϭ 1.84; SE ϭ 0.05) than for the bird cherry-oat aphid (ln(a) ϭ 1.52; SE ϭ 0.07) (n ϭ 374; t ϭ Ϫ4.39; P Ͻ 0.0001). The estimate of b for the validation data did not differ signiÞcantly for the greenbug (b ϭ 1.36; SE ϭ 0.02) compared with the bird cherry-oat aphid (b ϭ 1.33; SE ϭ 0.02) (n ϭ 374; t ϭ Ϫ1.25; P ϭ 0.21).
Power law parameters often varied signiÞcantly among growing seasons, locations, and plant growth stages for the greenbug and bird cherry-oat aphid (Table 3) . Both ln(a) and b differed signiÞcantly among growing seasons for each aphid species. Differences also occurred for comparisons among the locations where the same wheat cultivars were grown, and for different wheat plant growth stages. The parameter b was as likely to vary with environmental conditions as ln(a).
Although we organized our data to test for variation in power law parameters between growing seasons, plant growth stages, and geographic locations, we recognize that we did not necessarily identify the environmental factors that accounted for the variation we observed. It is clear, however, that particular power law parameters are not universally applicable across the range of environmental conditions occurring in wheat Þelds in Oklahoma.
Difference Between Observed and Expected Precision. Over the range of population intensity observed in the evaluation data, the median percentage difference between observed and expected precision, D diff, differed by Ϫ10.6 Ð9.9% for the greenbug and Ϫ17.0 Ð19.9% for the bird cherry-oat aphid (Table 4) . Precision was poorer than speciÞed by the sampling scheme (D diff Ͼ 0) for both species when population intensity was Ͻ0.10 aphids per tiller. Based on the evaluation data, for D exp ϭ 0.25, the sampling schemes would yield median observed precision ranging from 0.22 to 0.27 for the greenbug and 0.21Ð 0.30 for the bird cherry-oat aphid, depending on population intensity (Table 4) . The 90% percentile of the distribution D diff ranged from 30.9 to 81.8% for the greenbug and 13.8 Ð 47.0% for the bird cherry-oat aphid (Table 4) . On the other end of the distribution, the 10% percentile of samples D diff ranged from Ϫ32.3 to Ϫ13.2% for the greenbug and from Ϫ32.7 to Ϫ11.2% for the bird cherry-oat aphid.
For the greenbug, the sampling scheme tended to be biased toward lower observed precision than expected (D diff Ͼ 0) as evidenced by the positively skewed distribution D diff . For the bird cherry-oat aphid, the distribution of D diff appeared slightly skewed toward greater than expected precision (D diff Ͻ 0) at intermediate population intensities. A notable exception was the highest category (Ͼ5.0 bird cherryoat aphids per tiller), where the distribution was markedly skewed toward positive D diff . However, the frequency distribution for Ͼ5.0 bird cherry-oat aphids per tiller was based on only eight samples, six of which came from a single Þeld during the 1998 Ð1999 growing season, and thus may not be representative. Simulating Sequential Sampling. Only for a fraction of the evaluation samples were the stop lines crossed during simulated sampling. Sequential sampling stop lines were not crossed for either species in samples with population intensity Ͻ0.25 aphids per tiller. This was the result of having many samples where the expected number of tillers required to achieve D exp ϭ 0.25 was greater than the number of tillers in the sample. Average D obs for all samples where the stop lines were crossed during simulated sampling did not differ signiÞcantly from 0.25 for any of the population intensity categories for either species, thus indicating that the sequential sampling schemes achieved unbiased estimates of D obs (Table 5 ). Sample sizes decreased as aphid population intensity increased. For the greenbug, average sample size ranged from 135.3 tillers at population intensities of 0.25Ð1.0 individuals per tiller, to 19.8 tillers for population intensities Ͼ5.0 individuals per tiller (Table 5) .
For the truncated sampling schemes where a max- Data are grouped to compare parameters among growing seasons, locations, and plant growth stages. CoefÞcients followed by different letters for a particular comparison are signiÞcantly different (P Ͻ 0.05) based on a t-test. imum of 100 tillers were inspected (Fig. 4) , average precision achieved differed signiÞcantly from 0.25 when population intensity was Ͻ1.0 individual per tiller for the greenbug, and when population intensity was Ͻ0.25 individuals per tiller for the bird cherry-oat aphid (Table 5 ). When population intensity was Ͼ1.0 individual per tiller, average precision did not differ signiÞcantly from 0.25 for either species. When population intensity was Ͻ1.0 individuals per tiller, the maximum 100 tillers were inspected for all samples of greenbugs before sampling was terminated, indicating that the stop line was not crossed during sampling for any of the samples. For the bird cherry-oat aphid, 100 tillers were inspected for all samples when population intensity was Ͻ0.25 individuals per tiller. General Discussion and Conclusions. The two most important sources of variation affecting Þxed-precision sequential sampling schemes constructed from TaylorÕs power law (or any empirical model relating variance to mean) are variability in the estimates of parameters caused by sampling error, and variability resulting from environmental variation (Trumble et al. 1989 , Hutchison 1994 . The Þrst source is always present and can be reduced by sampling more Þelds when developing a sampling scheme, by taking larger samples from each Þeld, or both. The second source of variation has not usually been considered when developing sequential sampling plans (Binns and Nyrop 1992) . We observed that TaylorÕs power law parameters varied among growing seasons, Þelds, and even within the same Þeld during different stages of wheat plant growth.
Heterogeneity of slopes regression models were used to test for homogeneity of power law parameters among years and locations but not to test for year by location effects on parameters. If we had treated each Þeld in each year uniquely in constructing regression models we very likely would have detected differences in power law parameters in such comparisons. However, our objective in making comparisons was to determine if power law parameters were invariant to the range of environmental variability encountered, and the analyses were sufÞcient for that purpose. Undoubtedly, there are many environmental factors that alter the biology of insects in the Þeld and, consequently, their spatial distribution (e.g., Davis and Pedigo 1989, Trumble et al. 1987 ), but to quantify these would not be feasible because it is not known what many of those factors are.
The relevant issue is whether environmental variation in power law parameters rendered the sampling scheme unusable for sampling Þelds for greenbugs and bird cherry-oat aphids in Oklahoma with levels of precision close to those speciÞed. Trumble et al. (1987) found that Þxed-precision sequential sampling plans for Trichoplusia ni (Hü bner) on cabbage differed enough geographically that a single sampling plan was unacceptable for use over a multi-state area. Although extensive analysis has not been undertaken, studies on cereal aphids indicate that Power Law parameters, and hence Þxed precision sequential sampling schemes, differ for studies from different geographic areas and small grain crops Kieckhefer 1987, Boeve and Weiss 1998) . Whether these differences are great enough to necessitate different sampling schemes for each geographical area in which sampling for greenbugs and bird cherry-oat aphids is attempted obviously would depend on the extent of the variation in relation to the level of accuracy required of the sampling scheme.
In this study, the distribution of the percentage difference between D obs and D exp for the evaluation data appeared skewed for both species, indicating that D obs differed systematically from 0.25. However, D obs differed by Ϸ25% or less from D exp in 50% or more of evaluation samples for both species. Furthermore, variation in precision in Ϸ90% of samples was not so extreme as to limit the value of population estimates for many purposes. Whether the skewed distribution in deviations between observed and expected precision is a general feature of the sequential sampling schemes or simply reßects the features of the particular evaluation data set is unclear. Finally, average values of precision achieved did not differ signiÞcantly from D exp ϭ 0.25 when the sampling scheme was used to simulate sampling for the evaluation data for each species.
We conclude that the Þxed precision sequential sampling schemes developed using GreenÕs method are acceptable for sampling greenbugs and bird cherry-oat aphids in Oklahoma. However, when aphid population intensity is low, sample sizes are excessively large to achieve population estimates with average precision of 0.25. In low-density aphid populations the truncated sequential sampling schemes developed provide a compromise between sample size and statistical precision of population estimates, which may be acceptable for use in many research applications. The evaluation indicated that the sequential sampling schemes yielded average precision not signiÞcantly different from the speciÞed level of 0.25. This occurred in spite of statistically detectable effects of environmental variation in power law parameters in the evaluation data. The results suggest that the sequential sampling schemes, constructed by sampling numerous Þelds, averaged values of Power Law parameters across a range of conditions. However, there was reasonably wide variation around mean precision. Perhaps the price for integrating across a broad range of environmental circumstances in constructing the sampling schemes is reduced sensitivity to particular conditions?
